Abstract-This paper presents a dynamic, electricthermal model for a photovoltaic (PV) cell that combines electrical and thermal parameters to accurately emulate PV panels in real time for power-hardware-in-the-loop simulation (PHILS). In this model, the irradiance and ambient temperature are used to calculate the PV cell temperature based on a five-layer thermal model. The cell temperature is then used in the electrical model to accurately adjust the PV electrical characteristics. A custom experimental setup is built to test and verify the electrical and thermal characteristics of the PV cell model. This electric-thermal model is validated using experimental data in realistic scenarios. The model is also tested with PHILS using a real-time simulator and a programmable dc power supply to emulate PV power generation under various load changes. The model is well matched to the experimental measurements with an error within 2.4% for the electrical aspects and within 1.5% for the thermal aspects in the tested scenarios.
(PHILS). For these emulated systems to be effective, the PV models used in them must be accurate. Work in [7] , [8] implemented real-time simulation using a simple model based on the single-diode PV model. This work further improves the PV model with the goal of real-time simulation using PHILS.
There are various PV applications that operate in extreme temperature conditions, such as PV concentrators or PV installations in deserts, where the PV temperature will be much higher and vary over a wider range than standard PV installations. PV cells used in space applications will also experience temperature swings that vary from extremely high to extremely low temperatures, which affects the PV electrical characteristics and output power. Another target application is in emulating hot spots, which is a problem that occurs in PV panels strings where a cell becomes reverse-voltage-biased, generates heat, and increases significantly in temperature [9] , [10] . Further, emulation can also be utilized to simulate and evaluate detection methods for hot spots or other faults in PV systems [11] , [12] . In these kinds of applications, using an electric-only model, where the PV temperature is constant, will not have the capability to adapt to changing temperatures. Thus, an electric-thermal model is needed for high accuracy in these kinds of applications. Once an accurate model is developed, it can be used in simulation and PHILS for estimating power production, testing maximum power point tracking (MPPT), or testing other controls.
The conventional single-diode PV model is commonly chosen for its simplicity in simulating and calculating PV characteristics in the forward-biased voltage region [13] [14] [15] [16] [17] . However, the singe-diode model lacks dynamic and reverse-bias characteristics, as well as thermal aspects. Thus, in order to more fully model a PV cell using real-time simulation, the single-diode model can be enhanced to incorporate dynamic characteristics, accurate electric-thermal performance, and fast processing time. Work in [18] introduced a PV model with nonlinear dynamic characteristics in both the forward-and reverse-bias regions, which showed high accuracy under normal illumination, but performance under varied PV temperature was not covered.
Parallel capacitive and series inductive components are included to achieve dynamic cell characteristics. Reverse-bias and breakdown features are also included to accurately capture the reverse-bias breakdown behavior, which is important for modeling certain PV faults [19] , [20] . Thermal characteristics of the cell and heat transfer among layers surrounding the cell are used to determine the cell temperature, which affects the PV electrical characteristics and resulting output power. Work in [21] investigated heat transfer between the PV cell and its surrounding layers, but did not account for other PV panel components, such as the glass layer. In this paper, a five-layer electric-thermal model incorporating a single crystalline PV cell is developed and validated using experimental results. The verified model is tested with a PHILS system to check the accuracy of the emulated PV panels.
The PV emulation system operates in two main modes: offline simulation and PHILS. The offline simulation has no connection to hardware and is not run in real time. It is used to check the accuracy of the PV model compared to experimental measurements. For PHILS, the setup is connected to hardware, and computations for the model are run in real time. The model outputs drive the operation of a power supply that is connected to a hardware device that is being tested, as depicted in Fig. 1 . Measurements of the power supply are fed back to the simulation in real time to update the model values. This mode is used for dynamic tests, where the dynamic performance of the emulated PHILS PV cell is compared to experimental PV cell measurements.
The proposed model can be used in offline simulation for simulation-only studies or in the PHILS system to test hardware operation. Using the PHILS system, the PV model can be simulated under various load variations with power converter hardware in real time [22] , [23] . One of the advantage of using the PHILS is that the PV emulation is completely controllable but it can be tested with physical hardware. For example, in comparing MPPT algorithms, identical PV conditions can be emulated multiple times and compared on the same hardware to experimentally compare just the control method. Experimental tests can be conducted for not only standard conditions, but also extreme temperature changes and fault conditions using PHILS. Setups that could be dangerous, expensive, or time-consuming to install in experimentation can be realistically emulated using the PHILS system, which allows for fast and cost-effective hardware prototyping.
In this paper, a comprehensive electric-thermal PV model is proposed for PHILS applications using a real-time simulator. The model consists of a dynamic electrical PV model and five-layer thermal model, which are integrated together. All equations for the model are outlined and the performance of the electric-thermal PV model is verified with a 1.3-W PV cell tested in a custom testing setup. Static operation is verified using offline simulation and compared to experimental results. In addition, dynamic operation is verified using the PHILS system connected to a programmable electronic load that generates various load changes.
II. ELECTRIC-THERMAL PV MODEL

A. Electric Model
A PV cell can be represented using a current source, diodes, and parasitic resistances, capacitances, and inductances. The parameters involved in the traditional single-diode model consist of a photocurrent source I ph , forward-biased conducting diode D f , shunt resistance R sh , and series resistance R s . This model includes a series inductance L s and variable parallel capacitance C p as dynamic components, as well as a reverse-bias conducting diode D r and breakdown voltage offset V bd [18] , [24] , [25] as reverse-bias components, as shown in Fig. 2 .
The governing equations of this electrical model are based on the equivalent circuit shown in Fig. 2 . After calculating all parallel components relative to the PV model input (irradiance G, cell temperature T , PV current I pv ), the voltage over the forward diode V d is solved for using a nonlinear solving technique, such as Newton-Rhapson or Halley's Method [7] . Then, the PV output voltage is calculated based on V d and I pv using Kirchhoff's voltage law. The following equations describe all the relations in the electrical model. Derivation and detailed explanation for the following electrical model equations can be found in [18] . All model variables and units are listed in Table I . Note that the model inputs (G, T , M , and I pv ) can be dynamically changed during simulation to affect the model output (V pv ), but parameters are fixed values. 1) Photocurrent: Photocurrent I ph is the flow of electrons excited by incoming irradiation from the sun G, and is affected by air mass modifier M , and the difference between the PV temperature T and nominal temperature T n , which is defined as follows:
where I scn is the nominal short-circuit current, K i is the current temperature coefficient, G n is the nominal irradiance, and M n is the nominal air mass.
2) Diodes: The thermal voltage V t is an important factor in both the forward and reverse diodes, defined as where k is the Boltzmann constant, q is the electron charge, and N s is the number of cells in series. The forward diode D f conducts current I df when the PV is forward biased, and the governing equation for its current is
where a is ideality factor of diode, which measures how closely the diode follows the ideal diode equation; its value usually ranges from 1 to 2. The diode saturation current I s is
where V ocn is the nominal open circuit voltage, and K v is the voltage temperature coefficient. The reverse diode D r conducts when PV is reverse biased, and the governing equation for its current I dr is
where I sr is the reverse saturation current and K r is the reverse breakdown scalar coefficient.
3) Parallel Capacitor: PV parallel capacitance C p is a lumped value that consists of three different sources: junction capacitance C j , diffusion capacitance C d , and breakdown capacitance C bd . The overall parallel capacitance C p is
where C j 0 is zero-bias junction capacitance, φ 0 is zero-bias junction potential, τ is mean carrier lifetime, and τ bd is breakdown mean carrier lifetime. Parallel capacitance current I Cp is described as
4) Shunt Resistance: The shunt resistance R sh is inversely proportional to the incoming illumination since the effective shunt resistance increases as illumination decreases, and it is defined as
where R shn is the nominal shunt resistance. Shunt resistor current I R sh is
5) Diode Voltage: After obtaining these currents, Kirchhoff's Current Law is applied, which leads to the nonlinear equation
With given inputs (illumination G, PV temperature T and PV current I pv ), V d is solved for by employing a nonlinear solving technique. 6) PV Voltage: Output PV voltage V pv can then be calculated according to
Equations (1) to (11) fully define the PV electrical model. Compared to the model given in [18] , (1) has been updated to include air mass coefficient and (9) have beed updated to vary shunt resistance with irradiance as done in [7] .
B. Thermal Model
For the thermal model, the temperature and heat distribution of the PV cell also need to be determined accurately. Various thermal models have been developed for Si PV cells [7] , [8] , [21] , [26] , [27] and for thin film cells [28] . Generally, thermal modeling can take a simplifed two-dimensional approach [7] , [8] , [21] , [27] where thermal layers are assumed to be infinitely large and heat transfers only between layers, or a threedimensional approach [26] , [28] that provides much finer detail but can be very computationally intensive. The goal of this model is to run in real time using the PHILS system to interface with power converters that are implementing MPPT or other control algorithms. Thus, high computational speed is more important than exact thermal accuracy, so a two-dimensional approach is used. The proposed model is for Si PV cells and is adapted from the modeling approach used in [7] .
The thermal model is composed of five layers, according to the test setup: top glass, top air gap, crystalline PV cell, bottom air gap, and bottom glass, as shown in Fig. 3 . This is the thermal layer structure of the setup that is used to test and validate the proposed model, which is detailed in Section III-A. Note that the air layers are needed in this setup to directly measure the PV cell using thermal sensors. While the thermal parameters in this work are for this specific setup, the equations and parameters can be adapted for other layer structures, assuming the dimensions and thermal properties can be determined. For example, layers such as antireflective coatings [21] or lamination layers [7] , [8] can be added, the air layers can be removed, and the bottom layer material can be changed to model more realistic PV panels [26] , [29] .
The model temperature is determined by calculating the thermal energy exchange of each layer with its environment and surrounding layers through the main heat transfer paths of conduction, convection, and radiation [30] , [31] . The general equation for the temperature change rate for a layer is described as
where C lx is the total heat capacity of layer x, Q lw is heat flow generated by long wave radiation, Q sw is heat flow generated by short wave radiation, Q convx is heat flow due to convection for layer x, Q lx−y is conduction heat flow to layer x from an adjacent layer y, and P out is the electrical energy loss generated in the layer. The general equation for convection heat transfer for layer x can be described as
where A lx is the area of layer x, h c,for
is the free convection coefficient, T amb is ambient temperature, and T lx is temperature of layer x [32] . The general equation for heat flow to layer x from adjacent layer y is described as
where U ly is heat transfer coefficient from layer y. Total heat capacity of layer x is determined by
where C m −lx is specific heat capacity, ρ lx is density, and d lx is thickness of the layer. Each layer is defined based on (12), according to the heat transfer path that the layer experiences.
1) Layer 1: Top Glass:
In the top glass layer, convection heat transfer between the glass surface and surrounding air in the environment and the conduction heat flow from layer 2 affect the overall thermal exchange in the layer. The heat transfer equation for the top glass is
where C l1 is the total heat capacity of layer 1 and Q l1−2 is heat flow from the top air gap.
2) Layer 2: Top Air Gap:
The air gap is a medium for heat exchange between the two adjacent layers. Hence, the heat transfer equation for this air layer is determined by
where Q l2−1 is heat flow from the top glass and Q l2−3 is heat flow from the crystalline PV cell.
3) Layer 3: Crystalline PV Cell: For the crystalline PV cell, short wave and long wave radiation heat transfer, heat flow from adjacent layers, and heat generated by electrical energy contribute to the heat transfer equation, according to
where Q l3−2 is heat flow from layer 2, Q l3−4 is heat flow from layer 4, and Q ele is heat generated from electric loss. Heat transfer from short wave radiation is
where α ab = 0.77 is the absorbability of cell surface, G is the total incident irradiance, A l3 is the area of layer 3. Heat transfer from long wave radiation is
where σ is Stefan-Boltzmann constant, B is the tilted surface angle from the horizontal, e s = 0.95 is the emissivity of the sky, T s = T amb − 20 K is the effective sky temperature, e g = 0.95 is the emissivity of the ground surface, T g is the ground temperature, and e p = 0.9 is the emissivity of the PV panel. Finally, the heat generated in the PV cell is defined as
where I pv and V pv are values from the electrical PV model [33] .
4) Layer 4: Bottom Air Gap:
The bottom air gap is also a medium for heat exchange between the two adjacent layers. Hence, the heat transfer equation for this air layer is determined by
where Q l4−3 is heat flow from the crystalline PV cell and Q l4−5 is heat flow from the bottom glass.
5) Layer 5: Bottom Glass:
In the bottom glass layer, the convection heat transfer between the glass surface and surrounding air in the environment and heat flow from layer 4 affect the 
where Q l5−4 is heat flow from the bottom air gap. After obtaining total heat capacity and relevant heat flow for each layer, the temperature rate of change
over the simulation time step interval h is calculated. Then, it is added to the layer temperature of the previous time step T k to determine the current temperature T k +1 , as follows
C. Electric and Thermal Model Interaction
The electric and thermal PV models were combined into one model and built in MATLAB/Simulink and RT-LAB software, which is used for real-time PHILS operation. Fig. 4 shows the combined block diagram of the electric-thermal model. Signals that are set by the user are shown as solid lines and signals calculated in the simulation environment are shown as dashed lines. The I pv signal is measured by the PHILS hardware and sent to the simulation. The V pv value is calculated in simulation and set in the PHILS hardware.
In the electric-thermal PV model, there are three main subsystems: electrical model, thermal model, and the console. The console subsystem is where the user can manage all the input parameters to the system, such as PV current, illumination, air mass modifier, state of the bypass diode (with or without a parallel bypass diode), ambient temperature, ground temperature, and number of PV cells in series. The electrical subsystem contains all the governing equations for the electrical model. After receiving all the necessary inputs from the console block, i.e., PV current, illumination, air mass modifier, and bypass diode state, this subsystem will calculate the output voltage and power of the PV system. Note that other PV models, such as the doublediode model [34] , could be implemented in the electrical model block as long as the same output signals are produced. The electrical model output becomes input for the thermal subsystem, which determines the temperature of all five layers in the PV system.
The PV cell temperature is fed back into the electrical model to accurately adjust the PV electrical model. All of the outputs of the system (PV voltage and power, each layer temperature, and processing time of the electrical, and thermal block) can be observed through the console block in real-time simulation. The electrical and thermal blocks model operate at the same time using parallel computation, with two cores for fast processing time: one core for the electrical model and one core for the thermal model [7] , [8] .
III. EXPERIMENTAL RESULTS
In this section, the accuracy and performance of the electricthermal PV model is verified versus experimental results. There are two experimental setups: 1) setup to measure characteristics of a real PV cell and 2) PHILS setup to test the model's capability to interface with power hardware in real time. The model is validated using static tests to validate the electrical portion of the model and dynamic PHILS tests to validate the full model.
A. Experimental Setup
To verify model accuracy, the electrical and thermal characteristics of a 1.3-W crystalline PV cell was tested using a Keithley 2430 SourceMeter, which can function as either a dc power source or load. For both static and dynamic tests, the PV electrical characteristics are controlled and measured using the sourcemeter. To measure the PV thermal characteristics, a custom testing device was constructed that holds a single PV cell between two planes of glass. Two thermals couples are used; one is attached to the back of the cell to measure the cell temperature and one is attached to the back of the bottom glass to measure the bottom glass temperature. Two Kikusui DME1600 Digital Multimeters in thermal-couple mode were used to measure cell and glass temperatures. The PV testing device and experimental setup is shown in Fig. 5(a) .
B. PHILS Setup
The PHILS setup is shown in Fig. 5(b) . The PV model is implemented using MATLAB/Simulink software and compiled in the RT-LAB computer program. Then, it is downloaded into the OPAL-RT OP5600 simulator. The PV model inputs are irradiance and PV current. The input irradiance is based on irradiance data recorded during the tests on the PV cell. The PV current is measured from a Kikusui PAT 80-100T programmable dc power supply and fed back into the model. Based on the inputs, the real-time simulator calculates the output PV voltage and the layer temperatures. The programmable dc power supply receives output voltage commands from the simulator and adjusts its output voltage accordingly to emulate the PV cell. The power supply is connected to the sourcemeter, which is used instead of power converter hardware. A Python program commands the sourcemeter to create various load changes in the output current to examine the performance of the PHILS-emulated PV cell.
With the PHILS setup, the measured output current is fed back and input into the PV model, which means that the dc power supply must measure and send the current information to the simulator's input port. This loop will have some delay, which depends on the time required for each process in the feedback loop. The simulation time step of the PV model is set to 50 μs and the delay of the real-time simulator is the same as the time step. Time delay also occurs in the dc power supply, which is around 150 μs. Therefore, the total delay in the signal is around 200 μs, and the observed transient response time of the dc power supply is around 75 ms. Fig. 6 shows the entire time delay impact of the PHILS system setup. According to field measurement data in [35] , 99.2% of voltage dynamics for PV control can be tracked with a voltage change rate of 1 V/s at 200-μs sampling time. PV model dynamics are also verified with a 1-ms simulation time step in [36] . Thus, the 200-μs time delay of the PHILS system with 50-μs simulation time step is sufficient to emulate PV power generation, which will be verified in the dynamic experimental tests.
C. Parameter Values
In order to model the 1.3-W crystalline PV cell tested in experiment, model parameters must be extracted. The nominal maximum power point voltage and current was taken from the datasheet as characteristic inputs of the electrical model. The short circuit current, open circuit voltage, and breakdown voltage were obtained from experimental testing. The air mass coefficient M is chosen as 1.5 [37] , based on the zenith angle of the PV setup and the location of the testing site. Generally, the air mass coefficient is 0 for space, 1.0 for 0
• zenith angle or equatorial regions, 1.5 for zenith angle of about 48.2
• or temperate latitude regions, and 2 or more for high latitude regions [38] . It is assumed that there is no bypass diode. Other intrinsic parameters, such as series and shunt resistance, diode ideality factor, reverse saturation current, and reverse breakdown shaping factor, are obtained from a separate parameter-fitting procedure, detailed in [18] . All input parameters for the electrical PV model are shown in Table II .
The area and thickness of the five testing device layers were measured using a digital caliper. Other parameters used to calculate the total heat capacity and heat transfer coefficient of each layer, such as density and specific heat capacity, were found in [7] , [21] and the datasheets. Parameters of all five layers are given in Table III .
D. Static Condition Verification
In this section, the electrical and thermal aspects of the model are validated in static conditions using offline simulation. The purpose of this static condition verification is to ensure that the model is accurate enough to be used further in real-time simulation. Four current-voltage (I-V) curves at four different irradiance levels are recorded using the experimental test setup by performing voltage sweeps from the cell's open circuit voltage to −13 V. By choosing this voltage range, the electrical aspect of the model can be examined in both forward-and reverse-bias regions. Experiments were taken under irradiance levels of 355, 910, 980, and 1060 W/m 2 , with ambient temperature at 27.5
TABLE III THERMAL PROPERTIES FOR THE FIVE PV SYSTEM LAYERS
• C and ground temperature at 20.4
• C. The model was simulated under the same conditions and the results are shown in Fig. 7 . Error between the simulation and experiment are summarized in Table IV, where the error values are calculated using the mean relative error (MRE) criterion. Fig. 7(a) shows the similarity between the experimental and simulated electrical characteristic data, which exhibits error within 1.18%. The measured and simulated cell temperature for the four tests are shown in Fig. 7(b) . For both experimental and simulation temperature results, the cell temperature begins to increase at the end of the sweep because the cell becomes reverse biased, acting acts as a load instead of a source and generating heat. The thermal aspects of the model show very accurate results in the forwardbias region but have some deviation in the reverse-bias region near the breakdown region, with the highest difference of 1.5 K. Since the sweep is conducted relatively quickly, the measured cell temperature experiences a sudden increase, but the model's temperature calculation lags behind by 2 to 3 s before increasing. Overall, the cell temperature results are relatively well matched, with error within 1.48%.
E. Dynamic Condition Verification Using PHILS
Here, the electric-thermal PV model is used with the PHILS setup to test its dynamic performance. First, a step load variation test is conducted to examine the PHILS system dynamic characteristics. Then, a realistic test case is conducted, where the PV current is set to emulate the operation of a PV-connected power converter. For these tests, the PHILS results are compared with experimental data measured from the 1.3-W PV cell.
1) Load
Step Test: In the PHILS system, there are delays from the simulation time step, dynamics of the programmable dc power supply, and the feedback current measurement. These delays can potentially affect the dynamic characteristics of the PHILS system. To determine the level of impact that these delays have on the accuracy of the PHILS system, a load step test was conducted on the experimental PV cell and on the PV model emulated with the PHILS system. Ambient temperature was 25.1
• C and ground temperature was 18.8 • C. Fig. 8(a) shows the step and ramp changes of the output load current, which consists of a full step up, full step down, two half steps up, and a ramp down sequence for the PV operating range of 0.1 to 2.0 A over 70 s. Fig. 8(b) shows the dynamic response of the output voltage for the experimental and PHILS results. There is an inherent response delay after the large load steps based on the simulation step time, but the PHILS results closely match the experimental results with no observable overshoot. The measured voltage of the PV panel is slightly lower than that of the PHILS system, with an error of 1.86%. This error stems from some modeling error combined with communication delay and inherent offset from the limited resolution of the equipment and sensors used in the PHILS setup, but is still within an acceptable range for many applications using PHILS.
2) Realistic Operation Test: Next, the PHILS system is used for a realistic operation test to emulate a PV cell and connect to a power converter. The current profile starts from 1.20 A and ramps up to 2.28 A for the first 18 s; it then creates a triangular waveform that ranges from 2.22 to 2.28 A to emulate the current waveform of a dc-dc converter. The total test duration is 180 s. Ambient temperature was 26.0
• C and ground temperature was 21.0
• C. Fig. 9(a) shows the voltage results for the measured data and PHILS system. The voltage decreases steadily for the first 18 s due to the increasing PV current. Then, the voltage maintains an average value around 0.44 V. Although there is a slight offset due to the previously mentioned model and equipment error, the dynamic performance of the PHILS system is well matched to the measured experimental results. The error is within 2.36%, which is sufficiently high accuracy for many PHILS applications. Fig. 9(b) compares the cell temperature measured in the experiment and calculated in the PHILS model, showing that the temperature results are well matched. The maximum error is at t = 100 s, where the model is 0.6 K lower than the measured cell temperature. Overall, the error is within 0.19% for the 3-min test. These results show that the electric-thermal model implemented in PHILS accurately calculates and emulates the PV cell's operating characteristics in realistic test conditions.
F. Discussion
1) Performance in PHILS:
Based on the static and dynamic tests, the electric-thermal PV model can emulate real solar cells in various operating conditions. The model's electrical aspects show high accuracy with error within 1.18% for the static condition, 1.86% for the load step, and 2.36% for the realistic operation test. The temperature was within an error of 1.48% for the static condition and 0.19% for the realistic operation test. In PHILS operation, the PV model proved to be sufficiently comprehensive, while the calculations were fast enough to run properly in real time, without over-running during simulation. The realistic operation test demonstrated accurate and fast dynamic performance of the model while operating in real time with the PHILS setup. The performance shown in these tests is acceptable for most PV applications that are connected to hardware, where dynamic performance is critical and trends of the electrical characteristics are more important than exact PV model accuracy.
2) Scaling Up the Model: This work validates the electric-thermal model for a single PV cell, but many applications use PV panels that are typically made up of 60 to 96 individual cells [20] . For electrical models, scaling up often means increasing N s to the number of cells and updating the current and voltage parameters to the values of the whole panel. However, scaling up the thermal model to the full panel scale will only be accurate if the temperature is even across the full panel for each layer, which is not realistic for many applications. Another approach is to scale the electric-thermal model to the substring level or model each cell individually. If individual cells are simulated using the proposed model, each cell and the layers around it have a separate two-dimensional model, such that heat is not exchanged between cells. The scale and number of electric-thermal PV models will depend on the scale of the overall system and the acceptable computational speed for the simulation environment. Scaling up the model and testing its performance in PHILS is a future application of this model.
3) Improvement Areas: The electrical and thermal aspects of PV cells or panels are affected by various environmental factors, such as wind, dusting, and climate. The proposed thermal-electric model only takes into account the ambient and ground temperature. For situations with strong wind, the convection equation for the top layer would need to be adjusted. For heavy dusting, the incoming irradiance would need to be reduced and an additional dust layer may need to be added to the thermal model. For different climates and locations, the air mass coefficient may need to be adjusted depending on the latitude and convection parameters for the top thermal layer may need to be adjusted for different humidity or air quality levels. The proposed electric-thermal model is a base model that can be adjusted and improved upon to meet the needs of a specific application.
IV. CONCLUSION
Real-time simulation is a convenient and cost effective way to test and emulate PV systems. For these emulated system to be accurate, PV models must be comprehensive enough to model reverse-bias, dynamic, and thermal characteristics, while being simple enough to be calculated in real time. The proposed dynamic electric-thermal PV model was developed and fully defined in (1) to (24) .
An experimental and PHILS setup was built to validate the electrical and thermal aspect of the model through static and dynamic condition testing. In the static condition test, multiple I-V sweep tests showed that the electrical and thermal aspects of the model were well-matched with error within 1.18% and 1.48%, respectively. The dynamic condition tests were run in real time with the PHILS setup. The load step verifies acceptable dynamic performance with only a small delay and an overall error of 1.86%. The realistic operation test emulated a PV cell interfacing with a power converter, which showed error within 2.36% for the electrical characteristics and error within 0.19% for the thermal characteristics. These results prove the feasibility of the proposed electric-thermal PV model working through PHILS to interface with physical hardware.
The major contributions of this paper are as follows: 1) integrating a comprehensive PV model with a thermal model to develop a model that can accurately calculate cell I-V characteristics and temperature; 2) developing a custom setup to precisely measure temperature at the solar cell and glass surfaces by introducing a five-layer thermal model to validate the thermal model; 3) successfully adapting electric-thermal model to work in PHILS; 4) verifying the accuracy of the model and its ability interface with power converter hardware in real time with PHILS. Ultimately, this model can be used to accurately model crystalline PV cells or panels in real-time operation to emulate a wide range of applications.
